Th e detection of veterinary antibiotics (VAs) in drinking water resources resulting from manure disposal operations has raised public health concerns. Previous studies have demonstrated the benefi ts of using multispecies vegetated buff er strips (VBS) to reduce agrichemical transport from agroecosystems. However, VA fate and subsequent eff ects of VAs on microbial activities in the root zone of VBS have not been well documented. A growth chamber study was conducted to investigate dissipation of two commonly administered VAs, sulfamethazine (SMZ) and tetracycline (TC), and the relationship between VA dissipation and soil enzyme activities in the root zone of selected plant species. Switchgrass, eastern gammagrass, orchardgrass, and a hybrid poplar tree were grown in pots containing a Mexico silt loam/sand mixture for 3 mo, followed by plant biomass removal and collection of root zone soil. Radiolabeled ( 3 H) SMZ or TC was applied to the soils and samples were incubated in the dark for 5 wk. Among the plant species studied, hybrid poplar showed enhanced capability for promoting SMZ dissipation. Th e half-lives of SMZ in soil planted to the poplar tree were signifi cantly reduced by the enhanced enzymatic activity. Comparison of soil enzymatic activities between the antibiotic treatments revealed that fl uorescein diacetate hydrolytic and glucosaminidase enzyme activities were signifi cantly lower in TC-treated soils than in SMZ-treated soils. Th e β-glucosidase activities were similar between the two VA treatments. Correlation analyses showed that the half-life of SMZ in the soil was negatively correlated with enzymatic activity. Enhanced SMZ dissipation in soil planted to hybrid poplar suggests that incorporation of this plant species in VBS may mitigate deleterious eff ects of SMZ in the environment.
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Dissipation of Sulfamethazine and Tetracycline in the Root Zone of Grass and Tree Species
Chung-Ho Lin* and Keith W. Goyne University of Missouri Robert J. Kremer and Robert N. Lerch USDA-ARS Harold E. Garrett University of Missouri V eterinary antibiotics (VAs) are used in the livestock industry for therapeutic treatment of sick animals, illness prevention (prophylactic use), and to enhance growth rates and increase feed effi ciency (Wegener, 2003) . Antibiotics commonly used for these purposes include compounds in the following VA classes: aminoglycosides, arsenicals, fl uoroquinolones, ionophores, macrolides, penicillins, sulfonamides, and tetracyclines (Church and Pond, 1982; Yan and Gilbert, 2004; Sarmah et al., 2006) . Th e use of VAs in animal husbandry within the United States is estimated to range from 9 to 16 million kg yr −1 (Mellon et al., 2001; Sarmah et al., 2006) . Although substantial quantities of antibiotics are used as feed additives nationwide, such use is relatively concentrated in certain states and counties (Florini et al., 2005) . For example, 64% of VA usage in the United States occurs within 10 states. Th e State of Missouri ranks ninth in total VA use (4.8 × 10 5 kg), and Barry Co., Missouri ranks 29th on the list of US counties where VA use is most prevalent.
Using current drug delivery practices, studies have shown that 30 to 80% of an antibiotic dose can rapidly pass through the gastrointestinal tract of an animal in an unaltered state (Elmund et al., 1971; Halling-Sørensen et al., 2002; Sarmah et al., 2006) . Subsequently, VAs present in animal manure are introduced into agricultural ecosystems via land application of animal waste, and this process is believed to be a primary source for VA release into the environment (Boxall, 2008; Meyer et al., 2000) . Typical VA concentrations in manure are 1 to 10 mg kg
, although manure may contain VA concentrations ranging from trace levels to >200 mg kg −1 or L −1 (Kumar et al., 2005b; Dolliver and Gupta, 2008) . Veterinary antibiotics introduced into the environment may undergo biotic or abiotic degradation, sorption to soil minerals and organic matter, and transport to water resources via leaching or surface water runoff (Boxall, 2008) .
Th e USGS reported the presence of antibiotics in nearly 50% of the 139 streams surveyed in the United States (Kolpin et al., 2002) , and research has demonstrated antibiotic loss from test plots during surface runoff events (Burkhardt et al., 2005) . In agricultural regions of the United States, it is likely that manure application to fi elds and subsequent transport processes are primarily responsible for VAs in stream and rivers. Th e presence and migration of VAs in the environment is of concern because these chemicals may adversely impact soil microbial communities, diminish water quality, and increase the spread of antibiotic resistant bacteria (Aga, 2008; Daughton and Ternes, 1999; Lee et al., 2007; Sarmah et al., 2006) . Th ese concerns highlight the need to develop new and/or modifi ed land management practices that mitigate VA transport to improve or maintain environmental quality. Th e development of such practices is particularly necessary for regions in the United States where subsoil horizons, such as claypans, restrict the vertical downward movement of water. Th e presence of such water restrictive subsoil horizons results in more frequent surface runoff events, greatly increasing the risk of pollutant transport to surface water resources (Lerch and Blanchard, 2003; Udawatta et al., 2006; Veum et al., 2009) .
A well-designed VBS is a cost-eff ective method to mitigate runoff and nonpoint source pollutant loss from cropland (Lowrance et al., 1997; Schultz et al., 2000) . Mechanisms of pollutant removal within VBS include physical, chemical and biological processes. Th e ability of VBS to enhance water infi ltration appears to be the initial mechanism by which VBS mitigate the transport of moderately sorbed organic pollutants (Krutz et al., 2004; Lin et al., 2004; Misra et al., 1996; Zins et al., 1991) . Organic pollutants can be intercepted by the roots and residue of the vegetation via sorption processes (Hoff man et al., 1995) , thus reducing aqueous concentrations. Microorganisms growing in the root zone metabolize some organic pollutants through various biochemical mechanisms and oxidize them to CO 2 (g) or other less harmful compounds (Lin et al., 2003; Lin et al., 2008; Mandelbaum et al., 1993) . Direct plant uptake may also assist in the removal of organic agrochemicals from subsurface fl ow (Burken and Schnoor, 1997) . Th e presence of perennial vegetation can help improve soil characteristics (e.g., increased organic matter content and improved porosity) and enhance sorption and abiotic pollutant transformation in the rhizosphere (Mandelbaum et al., 1993) . However, we are unaware of studies specifi cally investigating VBS use to remove antibiotics from surface runoff , or studies seeking to determine plant species that may enhance VA degradation within VBS.
Previous studies have shown that plants take up less than 2% of VAs applied to soil (Dolliver et al., 2007; Kumar et al., 2005a) . Th erefore, biodegradation and sorption in the root zone are hypothesized to be the predominant mitigation mechanisms for removing VAs in VBS systems. Th e objectives of this study were to (i) study the fate of two VAs, sulfamethazine (SMZ), and tetracycline (TC) ( Table 1) , from diff erent antibiotic classes in the rhizosphere of diff erent plant species, and (ii) screen for plant species showing the potential to enhance VA dissipation. Th e benefi ts of this research are an improved understanding of VA dissipation in soil and identifi cation of plant species that can be incorporated into VBS to mitigate VA loss from agroecosystems.
Materials and Methods

Experimental Design
Experiments were conducted in an environmental-controlled growth chamber (Environmental Growth Chambers GC72 walk-in unit, Chagrin Falls, Ohio) with triplicate replications of four plant species: (i) switchgrass (Panicum virgatum L.; SW); (ii) eastern gammagrass (Tripsacum dactyloides; EG); (iii) orchardgrass (Dactylis glomerata L.; OR); and (iv) hybrid poplar tree (Populus deltoides × Populus nigra, clones; POP). A control treatment with no plants was also included for comparative purposes. Plants were grown for 3 mo in a mixture of 60% sand and 40% Mexico silt loam (fi ne, smectitic, mesic Aeric Vertic Epiaqualfs) collected from the A horizon of the soil profi le. Soil characterization and total organic carbon analyses were completed by the University of Missouri Soil Characterization Laboratory using standard methods of analysis (Burt, 2004) . Th e soil particle size consisted of 108 g kg −1 clay, 338 g kg
silt and 557 g kg −1 sand (sandy loam texture), cation exchange capacity was 8.1 cmol kg −1 , soil pH 7.2, and initial organic carbon content was 6 g kg
. Environmental conditions in the chamber were as follows: light intensity of 1400 μE m −2 s −1
; light/dark period of 15 and 9 h, respectively; 50% humidity; and temperatures of 25°C (light)/and 20°C (dark). After 3 mo of plant growth, plant biomass was separated from the soil. A mixture of 3.5 μCi 3 H-TC or 3 H-SMZ (tetracycline [7-3 H; 11 Ci mmol ]; Moravek Biochemicals, Brea, CA) and nonradiolabeled TC or SMZ were added to 20 g of each soil to achieve a concentration of 1000 μg kg −1 . An additional set of root zone soils was treated with nonradiolabeled antibiotics to achieve a concentration of 1000 μg kg
, and these samples were used to determine β-gluco- sidase (GLU), glucosaminidase (GLA), and fl uorescein diacetate hydrolytic (FDA) activities. Th e soil moisture content was adjusted to 15% before incubation. Th is additional set of samples was required because enzyme activities could not be performed on radio-labeled samples. Antibiotic-treated soil was then incubated for 5 wk at 25°C in the dark. Soils were sampled at times 0, 5, 12, 22, and 32 d. All treatments were replicated in triplicate. Samples were immediately placed in a freezer and stored at −20°C until processed.
Chemical Analysis
Soil subsamples of 20 g dry weight equivalent were transferred into 250-mL high-density polypropylene centrifuge tubes. Th e 3 H-antibiotics and their degradation products were extracted by sonication in 150 mL of 90% acetonitrile for 1 h followed by extraction on an end-to-end shaker at 200 oscillation min
for 2 h. Samples were centrifuged for 20 min at 12,000 × g (7000 rpm) at 0°C, and the supernatant was decanted. Th e same extraction procedure was repeated on the residue remaining in the centrifuge tubes after adding 100 mL of 90% aqueous methanol (CH 3 OH). Both supernatants were combined and the extracts were concentrated to 5 mL with a Savant concentrator (Savant Instruments, Farmingdale, NY). Twenty-fi ve microliters of 100 mg L −1 terbutylazine [N-(1,1-dimethylethyl)-N′-ethyl-6-chloro-s-triazine-2,4-diamine] was added to each sample as an internal standard to correct for volume changes after sample concentration. Each extract was further evaporated and redissolved with CH 3 OH to 500 μL under a stream of nitrogen gas at 40°C. Extractant samples were analyzed by injecting 5 μL of the extract into a Shimadzu SCL-10Avp high-performance liquid chromatography (HPLC) system (Columbia, MD), and 3 H-SMZ, 3 H-TC and their degradation products were separated using a silica based Columbus C 8 column (4.6 mm × 250 mm, 5 μm; Phenomenex, Torrance, CA). Radioactivity was detected by an in-line IN/US ScinFlow β-Ram Model 3 (Tampa, FL) fl ow scintillation analyzer. Th e 3 H-antibiotics and metabolites were eluted with a two-part mobile phase gradient at a fl ow rate of 1 mL min −1
. Mobile phase A consisted of 0.1% H 3 PO 4 buff er (pH 2.1) and mobile phase B was 100% acetonitrile. Th e gradient started at 10% A, ramped linearly to 40% A at 30 min, 75% A at 40 min, 10% A at 45 min, and was held at 10% for 14 min.
Analysis of the internal standard terbutylazine was performed using a Varian 3400cx gas chromatograph (GC) with a Hewlett-Packard cross-linked methylsiloxane capillary column (12.5 m × 0.20 mm inner diameter) coupled with a Varian Saturn 2000 ion trap mass spectrometer (MS) (Varian Inc., Walnut Creek, CA). Th e GC temperature program was 70°C for 1 min, ramped to 120°C at 50°C min , and fi nally ramped to 290°C at 50°C min −1 and this temperature remained constant for 12 min. Injector temperature was held at 250°C for 5 min. Splitless injection was used. Helium was used as the carrier gas at a fl ow rate of 1 mL min −1 . Th e transfer line between the GC and MS was held at 250°C, and the ion trap manifold was set to 250°C. A Varian 8200 AutoSampler was used to perform sample injection and solvent fl ushing of the needle.
Microbial Enzyme Activity Analysis
Th e activity of GLU was quantifi ed according to procedures described by Tabatabai (1994) . Th e method is based on colorimetric measurement of p-nitrophenol released by GLU when soil is incubated with buff ered (pH 6.0) p-nitrophenyl-β-Dglucoside (PNG) solution. One gram of moist soil was sampled and incubated with PNG solution containing 0.25 mL of toluene, 4 mL of 8 mmol L −1 tris-hydroxymethyl-amino-methane buff er (THAM; pH 6) for 1 h at 37°C. After incubation, 1 mL of 0.5 mol L −1 CaCl 2 and 4 mL of 0.1 mol L −1 THAM (pH 12) solution were added. Th e solution was vortexed and fi ltered through Whatman #2 fi lter paper. Th e activity of GLU was measured spectrophotometrically at 410 nm.
Th e GLA enzyme activity was determined as described by Parham and Deng (2000) . In brief, 1 g of air-dried soil sample was incubated with 1 mL of 10 mmol L NaOH were added to stop the reaction. Samples were swirled and fi ltered through Whatman #2 fi lter paper. Soil β-glucosaminidase activity was assayed spectrophotometrically at 405 nm to determine the concentration of p-nitrophenol produced. Fluorescein diacetate hydrolytic activity was determined by the enzymatic assay procedures described in Bandick and Dick (1999) . One gram of moist soil from each sample was placed into a 50 mL Erlenmeyer fl ask, followed by addition of 20 mL of 60 mM sodium phosphate buff er (pH 7.6) and 100 μL of 4.8 mmol L −1 FDA. Th e fl ask was then covered with Parafi lm and samples were incubated for 105 min on a reciprocal shaker at room temperature. After incubation, 10 mL of acetone was added to terminate the hydrolysis reaction. Samples were fi ltered through Whatman #4 fi lter paper and centrifuged for 5 min. Fluorescein (the product of FDA hydrolysis) concentration was determined spectrophotometrically at 490 nm.
First-Order Rate Law
If the rate of reaction exhibits fi rst-order dependence on the concentration of one reactant (A), the rate law is expressed as where [A] is the concentration of reactant A, k is the fi rst-order rate constant, and t is time. Rearranging the rate law and solving the integral using initial conditions of t = 0 and A = A 0 , the following expression can be found:
Th is expression can be written as ln[A] = −kt + ln[A 0 ]. Plotting the natural logarithm of the concentration [A] versus t for a particular reaction will, therefore, allow determination of whether the reaction is fi rst-order. If the reaction is fi rst order, determination of the slope of the resulting line will yield the rate constant k. Th e half-life (t 1/2 ) of the reaction is given by 
Statistical Analyses
Two-way factorial ANOVA with repeated measures was performed using SYSTAT statistical software (Crane Software International, Ltd., Bangalore, India) to compare the eff ects of treatments (species × incubation time) on VA dissipation. A two-way ANOVA was performed to defi ne the interaction between antibiotic and species treatments on enzymatic activities. Th e diff erences between treatment means were tested with Fisher's least signifi cant diff erence probability test. Dissipation kinetic for each replication of the treatment was constructed. Dissipation half-life data were correlated to soil enzyme activities. Data for the SW treatment were excluded (due to poor fi t with fi rst-order kinetic model), resulting in the use of 12 data points for the correlation analyses.
Results and Discussion
Dissipation of Tetracycline
Tetracycline rapidly dissipated in the soils across all the treatments, and no traces of 3 H-labeled TC or its metabolites were detected after 120 h (5 d) of incubation. Th e rapid dissipation of TC and the formation of two major 3 H degradates were observed in our samples just 30 min after application (Fig. 1 ). An average of 61% of applied 3 H-TC was recovered from the root zone soils in our study. Rapid dissipation of TC with half-life of less than 26 h was previously reported, and the dissipation rates were accelerated by increased temperature, pH, and light intensity (Liang et al., 1998; Loftin et al., 2008; Sanderson et al., 2005) . Tetracycline antibiotics are known to be oxidatively unstable, and hydrolysis of TC is increased signifi cantly by increased temperature and pH (Liang et al., 1998) . Th e reported half-life of TC can be as low as 1.06 to 1.42 d at concentrations of 30 and 100 μg L −1 , respectively, in simulated microcosms at pH 7 (Sanderson et al., 2005) . Increased dissipation rates of TC were also reported under the infl uence of atmospheric oxygen when dissolved in MeOH, forming more than 14 diff erent degradation products (Liang et al., 1998) . However, others have observed longer half-lives, ranging from 4.5 to 55 d (Th iele-Bruhn, 2003; Winckler and Grafe, 2001 ).
Dissipation of Sulfamethazine
Th e concentrations of SMZ and a SMZ metabolite in soil extracts were successfully quantifi ed with the developed HPLC-fl ow scintillation analysis method (Fig. 2 ). An average of 66% of applied 3 H-SMZ was recovered from root zone soils with the intensive extraction method used. Th is extraction efficiency is comparable to extraction effi ciencies reported in recent studies using similar ultrasonic extraction or pressured liquid extraction techniques (Aust et al., 2008; Stoob et al., 2006) . Presumably, unrecovered SMZ is irreversibly adsorbed to soil, or the extraction method used did not eff ectively disrupt all bond types formed on adsorption. However, the data illustrated in this work were normalized and corrected using extraction recovery rates.
Th e results suggest that POP root zone soil exhibits the greatest capability for promoting SMZ dissipation (Fig. 3) . Th e decline in SMZ concentration was found to follow fi rst-order kinetics in four of the soils that were studied, including soils collected from the control, EG, POP, and OR ( Fig. 4 ; R 2 > 0.90 for linear fi t of ln [SMZ] versus t plots). Th e unexpected increase in mean SMZ values at 288 h in OR treatment were mainly attributed to its greater sampling or analytical variation. In general, these dissipation kinetics suggest that the dissipation rate of SMZ was concentration dependent and mainly a result of microbial processes (Accinelli et al., 2008) . Similar SMZ fi rst-order dissipation kinetics in silt loam and sandy soils were reported by Accinelli et al. (2008) . Th e SW data were not amenable to modeling using a fi rst-order rate equation. A more comprehensive model accounting for fi rst-order degradation, lag phase, and sorption kinetics is required to adequately describe phenomena occurring in SW treatments (Nielsen et al., 1996) .
Th e estimated half-life of SMZ was 2.1 d for POP, 6.4 d for control, and 7.6 d for EG (Fig. 4) , and the POP treatment half-life was signifi cantly lower than the control and EG-treated soils. Greater soil SMZ half-lives ranging from 10 to 30 d with an average half-life of 18.6 d were reported by previous studies under much greater concentrations (100-fold increase) (Accinelli et al., 2008) than those used in this study. Sulfamethazine can also dissipate rapidly (t 1/2 ranges from 2.7 to 4.2 d) when applied to pond water in the presence of dilute swine manure (L.H. Keri, personal communication). Within the fi rst 5 d, more than 85% of SMZ dissipated in soil collected from the POP root zone, as compared with 50% in the control soil treatment (p = 0.028). Enhanced SMZ dissipation by POP was likely due to the greater microbial enzyme activities that were observed for soil planted to this tree species (see Enzyme Activities section).
In contrast, the persistence of SMZ in soils planted to grass species was greater compared with the control (p < 0.05). We postulate that SMZ in grass treatments were likely sorbed to a greater extent in soil planted to grasses compared with that of the POP soil and thus would lead to less SMZ available for biodegradation. Other researchers have reported a high affi nity of sulfonamides for organic matrices (Th iele-Bruhn, 2003; Th iele-Bruhn et al., 2004) , and increased sorption has been strongly correlated with decreased SMZ biodegradation due to reduced bioavailability (Accinelli et al., 2008) . Research in our laboratory has also shown enhanced sulfonamide adsorption to soil types planted to grass species, relative to cropland soils (Chu et al., 2009; Chu et al., 2010) . Th e root exudates and root decomposition products, including specifi c functional groups such as phenolic and carboxylic groups, N-hetero-cyclic compounds, and lignin decomposition products, are believed to serve as preferred binding sites that limited SMZ bioavailability (Cheng and Kuzyakov, 2005; Th iele-Bruhn et al., 2004) .
Previous research has shown cleavage of the aminesulfur bond followed by the formation of several intermediates during degradation of sulfonamide antibiotics. Acetyl-conjugates and hydroxylated metabolites have been identifi ed as two primary degradation products of sulfonamide antibiotics (Burkhardt and Stamm, 2007; Lamshöft et al., 2007) . Hydroxy-sulfonamide has high polarity and is usually eluted off the reverse-phase chromatographic column much earlier than parent sulfonamides, whereas acetyl-sulfonamide is slightly less polar and has longer retention time than SMZ (Lamshöft et al., 2007; Unold et al., 2009 ). Using our HPLC technique, SMZ and its major metabolite had retention times of 15.1 and 17.3 min, respectively. Th is suggests that the metabolite in our samples eluting at 17.3 min is likely to be acetyl derivative of SMZ, although this was not confi rmed using mass spectrometry. Th e data indicate that up to 40% of extractable SMZ was transformed into SMZ metabolite (M1) during the fi rst 5 d of incubation (Fig. 5) , and the metabolite was predominant in soil extracts at end of the experiment. Peaks that might correspond to hydroxy-SMZ and other SMZ metabolites were not detected in any of our samples, and there is no evidence in the literature to suggest that these SMZ metabolites are formed in soil. However, the use of 3 H labeled SMZ in this study limits our ability to detect all potential metabolites. Due to this limitation and the fact that we cannot monitor mineralization using 3 H labeled SMZ, no attempt was made to calculate a mass balance for SMZ.
Enzyme Activities
When compared between antibiotic treatments, FDA and GLA soil enzyme activities were signifi cantly lower in TC-treated soils than in SMZ-treated soils (Fig. 6) . However, the GLU activities were similar between the two antibiotic treatments (p = 0.44), and the interaction between species and antibiotic treatments on microbial enzyme activities was not signifi cant (p = 0.88). Th e VA concentrations used in this study are two orders of magnitude lower than concentrations that may significantly aff ect microbial processes or VA degradation (Accinelli et al., 2008) .
Th e activities of FDA, GLA, and GLU were signifi cantly enhanced in root zone soils collected from EG, OR, and SW (Fig. 7) . For POP treatment, FDA, GLU, and GLA enzymatic activities were stimulated by 65 to 400% compared with the control. Th e diff erence in SMZ dissipation rates between POP and the other treatments was consistent with the signifi cantly greater soil microbial activities in POP treatments. Correlation analyses showed that the half-life of SMZ in the soil was negatively correlated with enzymatic activity. Th e correlation coeffi cients (r) between estimated SMZ half-life and enzymatic activities of FDA, GLU, and GLA were −0.63 (p = 0.004), −0.82 (p = 0.02), and −0.55 (p = 0.08), respectively (Fig. 8) . In other words, the half-lives of SMZ in soil planted to the poplar tree were signifi cantly reduced by the enhanced enzymatic activity. In contrast, SMZ was more persistent in grass treatments than in the control. Grasses are expected to increase soil organic matter content in the root zone, and morphologically they have more adventitious fi brous roots, creating more adsorption surface area than in the control treatment. Subsequently, this could result in increased SMZ sorption and decreased SMZ bioavailability. Th erefore, we speculate that the eff ects of stimulated soil microbial activities by grass treatments, such as OR, were off set by the reduced concentrations of bioavailable SMZ. Although the levels of soil total organic carbon between grass and other treatments were not signifi cantly diff erent (0.68-0.86%), we believe that diff erences in root morphology and organic carbon composition within the different root zone soils infl uenced sequestration of the antibiotics. Future studies, including analysis of the soil organic constituents and studies quantifying the sorption of SMZ to root zone soil, are needed to test this hypothesis.
Th e benefi ts of using hybrid poplar for bioremediation have been well recognized (Burken and Schnoor, 1997; Jordahl et al., 1997) . A twofold increase in FDA hydrolytic activities in the POP root zone soil indicates stimulated activities for a wide variety of enzymes, which are critical for the degradation of antibiotics and other classes of complex organic compounds (Bandick and Dick, 1999; Deshpande et al., 2004; Schnurer and Rosswall, 1982; Zablotowicz et al., 2000) . Similarly, Jordahl et al. (1997) reported signifi cantly higher microbial concentrations of pseudomonads and monoaromatic petroleum hydrocarbon degraders in the root zone of poplar trees than in adjacent agricultural soils. Higher GLA and GLU activities in POP root zone are usually associated with higher degradation rates for chitin and proteins and accelerated N and C mineralization rates (Acosta-Martínez et al., 2007; Ekenler and Tabatabai, 2003; Parham and Deng, 2000) . Although the soil enzymes studied did not directly catalyze the biochemical antibiotics biodegradation, some indirect relationships between degradation profi les and microbial activity, specifi cally enzyme activity, can be observed (Lin et al., 2005) .
Conclusions
Diff erent plant species showed no treatment eff ect for TC because of the highly unstable nature of this compound in soil environments. For SMZ, the POP treatment showed significantly increased dissipation compared with the control or grass treatments. Th e POP treatment also had the greatest soil enzyme activities, indicating that the hybrid poplar in our study stimulated microbial activity in the root zone soil to a greater extent than grasses. Increased microbial enzymatic activity was directly correlated with enhanced SMZ dissipation, suggesting that increased enzymatic activity stimulated by the POP treatment increased SMZ dissipation in root zone soil. Decreased SMZ dissipation in grass treatments presumably resulted from increased SMZ sorption in the grass root zone soil, but this needs to be confi rmed with additional studies. Th is study enhances our understanding of VA fate in the root zone and the association between SMZ dissipation and soil microbial activities. Th e results also suggest that incorporation of hybrid poplar into vegetative buff er strips could help mitigate the spread of VAs in the environment.
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